We present new photometric observations of WASP-15 and WASP-16, two transiting extrasolar planetary systems with measured orbital obliquities but without photometric follow-up since their discovery papers. Our new data for WASP-15 comprise observations of one transit simultaneously in four optical passbands using GROND on the MPG/ESO 2.2 m telescope, plus coverage of half a transit from DFOSC on the Danish 1.54 m telescope, both at ESO La Silla. For WASP-16 we present observations of four complete transits, all from the Danish telescope. We use these new data to refine the measured physical properties and orbital ephemerides of the two systems. Whilst our results are close to the originally-determined values for WASP-15, we find that the star and planet in the WASP-16 system are both larger and less massive than previously thought.
INTRODUCTION
The number of known transiting extrasolar planets (TEPs) is rapidly increasing, and currently stands at 310
1 . Their diversity is also escalating: the radius of the largest known example is 40 times greater than that of the smallest. There is a variation of over three orders of magnitude in their masses, excluding those without mass measurements and those which are arguably brown dwarfs. Whilst a small subset of this population has been extensively investigated, the characterisation of the majority is limited to modest photometry and spectroscopy presented in their discovery papers.
The bottleneck in our understanding of the physical properties of most TEPs is the quality of the available transit light curves, which are of fundamental importance for measuring the stellar density and the ratio of the radius of the planet to that of the star. Additional contributions, which arise from the spectroscopic parameters of the host star and the constraints on its physical properties from theoretical models, are usually dwarfed by the uncertainties in the photometric parameters derived from the light curves.
We are therefore undertaking a project aimed at characterising TEPs visible from the Southern hemisphere (see Southworth et al. 2012b and references therein), by obtaining high-precision light curves of their transits. We use the telescope defocussing technique, discussed in detail in Southworth et al. (2009a) , to collect photometric measurements with very low levels of Poisson and correlated noise. This method is able to achieve light curves of remarkable precision (e.g. Tregloan-Reed & Southworth 2012) . In this work we present new observations and determinations of the physical properties of WASP-15 and WASP-16, based on nine light curves covering six transits in total.
Case history
WASP-15 was identified as a TEP by West et al. (2009) , who found it to be a low-density object (ρ2 = 0.186 ± 0.026 ρJup) orbiting a slightly evolved and comparatively hot host star (T eff = 6300±100 K). Other measurements of the effective temperature of ⋆ Based on data collected with the Gamma Ray Burst Optical and NearInfrared Detector (GROND) at the MPG/ESO 2.2 m telescope and by MiNDSTEp with the Danish 1.54 m telescope at the ESO La Silla Observatory. † Royal Society University Research Fellow 1 Data taken from the Transiting Extrasolar Planet Catalogue (TEPCat) available at: http://www.astro.keele.ac.uk/jkt/tepcat/ the host star have been made by Maxted, Koen, & Smalley (2011) , who found T eff = 6210 ± 60 K from the infrared flux method (Blackwell et al. 1980) , and by Doyle et al. (2013) , whose detailed spectroscopic analysis yielded T eff = 6405 ± 80 K. Triaud et al. (2010) observed the Rossiter-McLaughlin effect for WASP-15 and found the system to exhibit significant obliquity: the sky-projected angle between the rotational axis of the host star and the orbital axis of the planet is λ = 139.6 +4.3 −5.2 degrees. This is consistent with previous findings that misaligned planets are found only around hotter stars (Winn et al. 2010) , although tidal effects act to align them over time (Triaud 2011; Albrecht et al. 2012) .
The discovery of the planetary nature of WASP-16 was made by Lister et al. (2009) , who characterised it as a Jupiter-like planet orbiting a star similar to our Sun. Maxted et al. (2011) and Doyle et al. (2013) measured the host star's T eff to be 5550 ± 60 K and 5630 ± 70 K, respectively, in mutual agreement and a little cooler than the value of 5700 ± 150 K found in the discovery paper.
Observations of the Rossiter-McLaughlin effect for WASP-16 have yielded obliquities consistent with zero: Brown et al. (2012) measured λ = 11 +26 −19 degrees and Albrecht et al. (2012) found λ = −4 +11 −14 degrees. The large uncertainties in these assessments are due to the low rotational velocity of the star, which results in a small amplitude for the Rossiter-McLaughlin effect.
The physical properties of both systems were comparatively ill-defined, as they rested on few dedicated follow-up light curves: only one light curve in the case of WASP-16, and two datasets afflicted with correlated noise in the case of WASP-15. All three datasets were obtained using EulerCam on the 1.2 m Swiss Euler telescope at ESO La Silla. In this work we present the first followup photometry since the discovery paper for both systems, totalling nine new light curves covering six transits. This new material has allowed us to significantly improve the precision of the measured physical properties. Our analysis also benefited from refined constraints on the atmospheric characteristics of the host stars, as discussed above.
OBSERVATIONS AND DATA REDUCTION
We observed one transit of WASP-15 on the night of 2012/01/19 using the GROND instrument mounted on the MPG/ESO 2.2 m telescope at La Silla, Chile. The field of view of this instrument is 5.4 ′ ×5.4 ′ at a plate scale of 0.158 ′′ px −1 . Observations were obtained simultaneously in the g, r, i and z passbands and covered a full transit plus significant time intervals before ingress and after egress. CCD readout occurred in slow mode. The telescope was defocussed and we autoguided throughout the observations. The moon was below the horizon during the observing sequence. An observing log is given in Table 1 .
The data were reduced with the IDL 2 pipeline described by Southworth et al. (2009a) , which uses the DAOPHOT package (Stetson 1987) to perform aperture photometry with the APER 3 routine. The apertures were placed by hand and the stars were tracked by cross-correlating each image against a reference image. We tried a wide range of aperture sizes and retained those which gave photometry with the lowest scatter compared to a fitted model. In line with previous experience, we found that the shape of the light curve is very insensitive to the aperture sizes.
We calculated differential-photometry light curves of our target star by combining all good comparison stars into an ensemble with weights optimised to minimise the scatter of the observations taken outside transit. We rectified the data to a zero-magnitude baseline by subtracting a second-order polynomial whose coefficients were optimised simultaneously with the weights of the comparison stars. The effect of this normalisation was subsequently taken into account when modelling the data. The final GROND optical light curves are shown in Fig. 1 . Our timestamps were converted to the BJD(TDB) timescale (Eastman et al. 2010) .
We also used GROND to obtain photometry in the J, H and K passbands simultaneously with the optical observations. The field of view of the GROND near-infrared channels is 10 ′ ×10 ′ at a plate scale of 0.60 ′′ px −1 . These were reduced following standard techniques and with trying multiple alternative approaches to decorrelate the data against airmass and centroid position of the target star. We were unable to obtain good light curves from these data, and suspect that this is because the brightness of WASP-15 pushed the pixel count rates into the nonlinear regime, causing the systematic noise which is obvious in Fig. 2 .
A transit of WASP-15 was also observed using the DFOSC imager on board the 1.54 m Danish Telescope at La Silla, which has a field of view of 13.7 ′ ×13.7 ′ and a plate scale of 0.39 ′′ pixel −1 . We defocussed the telescope and autoguided. Several images were taken prior to the main body of observations in order to check for faint nearby stars which might contaminate the point spread function (PSF) of our target star, and none were found. Unfortunately high winds forced the closure of the dome shortly after the midpoint of the transit, which has limited the usefulness of these data. The data were reduced as above, except that a first-order polynomial (i.e. a straight line) was used as the function to rectify the light curve to zero differential magnitude.
Four transits of WASP-16 were obtained using the DFOSC imager and the same approach as for the WASP-15 transit above. Three of the transits were observed in excellent weather conditions whilst the moon was below the horizon, and these yield excellent light curves. The data were reduced as above, using a straight-line fit to the out-of-transit data. A small number of images taken in focus showed that there are faint stars separated by 32 and 45 pixels from the centre of the PSF of WASP-16. They are fainter than our target star by more than 8.7 and 6.8 mag, respectively, so have a negligible effect on our results.
The second transit was undermined by non-photometric conditions, bright moonlight, and a computer crash shortly after the transit finished. This transit is shallower than the other three, and we attribute this to a count rate during the observing sequence that became sufficiently high to enter the regime of significant nonlinearity in the CCD response. The data for this transit were not included in subsequent analyses. All four light curves are shown in Fig. 3 , along with the Euler Telescope data from Lister et al. (2009) . All our reduced data will be made available at the CDS 4 .
LIGHT CURVE ANALYSIS
The analysis of our light curves was performed using the Homogeneous Studies methodology (see Southworth 2012 and references therein). The light curves were modelled using the JKTEBOP 5 code (Southworth et al. 2004) , which represents the star and planet as biaxial spheroids. The main parameters of the model are the fractional radii of the star and planet, rA and r b , and the orbital inclination, i. The fractional radii are the true radii of the objects divided by the orbital semimajor axis. They were parameterised by their sum and ratio:
as the latter are less strongly correlated than the fractional radii themselves.
Orbital period determination
Our first step was to obtain refined orbital ephemerides. Each of our transit light curves was fitted individually and their errorbars rescaled to give χ 2 ν = 1.0 versus the fitted model. This is needed as the uncertainties from the APER photometry algorithm tend to be underestimated. We then fitted the revised datasets and ran Monte Carlo simulations to measure the transit midpoints with robust errorbars.
Our own times of transit midpoint were supplemented with those from the discovery papers (West et al. 2009; Lister et al. 2009 ). The reference times of transit (T0) from these papers are given on the BJD and HJD time conventions, respectively, but the timescales these refer to are not specified (see Eastman et al. 2010) . D. R. Anderson (private communication) has confirmed that the timescales used in these, and the other early WASP planet discovery papers, is UTC. We therefore converted the timings to TDB.
We also compiled publicly available measurements from the Exoplanet Transit Database (ETD 6 ), which makes available all four contact points of the transit are easily identifiable. We assumed that the times were all on the UTC timescales and converted them to TDB for congruency with our own data.
Once the available times of mid-transit had been assembled, we fitted them with straight lines to determine new orbital ephemerides. Table 2 reports all times of mid-transit used for both objects, plus the residuals versus a linear ephemeris. The new ephemeris for WASP-15 is: T0 = BJD(TDB) 2 454 584.69859(29) + 3.75209748(81) × E where E represents the cycle count with respect to the reference epoch and the bracketed quantities show the uncertainty in the final digit of the preceding number. The reduced χ 2 of the fit to the timings is encouragingly small at χ 2 ν = 0.78 for four degrees of freedom, which suggests the orbital period is constant and the uncertainties of the available times of minimum are reasonable. A plot of the fit is shown in Fig. 4 .
The situation for WASP-16 is less favourable, with χ 2 ν = 2.59 (nine degrees of freedom), and large residuals for several of the most precise datapoints (Fig. 5) . We have reason to be cautious about our own timings, as the DFOSC timestamps are known to have been incorrect for the 2009 season (Southworth et al. 2009b ). This issue was minimised for the 2010 season (which contains the first two transits of WASP-16 we observed) and fixed for the 2011 season (which contains the third and fourth WASP-16 transits), so the disagreement between the two 2011 transits cannot currently be dismissed as an instrumental effect. WASP-16 should be monitored in the future to investigate the possibility that it undergoes transit timing variations. In the meantime, the linear ephemeris given by the timings in Table 2 is: T0 = BJD(TDB) 2 454 584.42898(38) + 3.1186068(12) × E where the errorbars have been multiplied by √ 2.59 to account for the large χ 2 ν .
Light curve modelling
We modelled each of our light curves of WASP-15 and WASP-16 individually, using JKTEBOP to fit for rA+r b , k, i and T0. The bestfitting models are shown in Figs. 1 and 3 . This individual approach was necessary to allow for differing amounts of limb darkening (LD) for WASP-15 and for possible timing variations in WASP-16, and has the advantage of providing an opportunity to assess errorbars by comparing multiple independent sets of results rather than relying on statistical algorithms. The DFOSC transit for WASP-15 lacks coverage of the egress phases so was modelled with T0 fixed at the value predicted by the orbital ephemeris, and the second transit of WASP-16 was ignored due to the systematic errors discussed in Sect. 2. The follow-up photometry for WASP-15 presented by West et al. (2009) was not considered as it contains substantial red noise. The Euler telescope light curve of WASP-16 (Lister et al. 2009 ) was added to our analysis as it has full coverage of a transit event with reasonably high precision.
Light curve models were obtained using each of five LD laws (see Southworth 2008) , with the linear coefficients either fixed at theoretically predicted values 8 or included as fitted parameters. We made no attempt to fit for both coefficients in the four biparametric laws as they are very strongly correlated (Southworth 2008; Carter et al. 2008 ). The nonlinear coefficients were instead perturbed by ±0.1 on a flat distribution when running the error analysis algorithms, in order to account for their intrinsic uncertainty.
A circular orbit was adopted for both systems as the radial velocities indicate circularity with limits in eccentricity of e < 0.087 for WASP-15 (Triaud et al. 2010 ) and e < 0.052 for WASP-16 (Pont et al. 2011) . The coefficients of a polynomial function of the out-of-transit magnitude were included when modelling the GROND data, to account for the fact that such a function was used to normalise the data when constructing the differential magnitudes. We checked for correlations between the coefficients of the polynomial and the other parameters of the fit, finding a significant correlation only between k and the quadratic coefficient. The correlation coefficients in this case are in the region of 0.4 for the g-band), 0.5 for r, and 0.65 for i and z, depending on the specifics of how LD was treated. The uncertainties in the resulting parameters induced by this correlation are accounted for in our methods for estimating the parameter uncertainties.
Errorbars for the fitted parameters were obtained in two ways: from 1000 Monte Carlo simulations for each solution, and via a residual-permutation algorithm (Southworth 2008) . The final parameter values are the unweighted mean of those from the solutions involving the four two-parameter LD laws. Their errorbars are the larger of the Monte-Carlo or residual-permutation alternatives, with an extra contribution to account for variations between solutions with the different LD laws. Tables of individual results for each light curve can be found in the Supplementary Information.
For WASP-15, we found that the residual-permutation method returned moderately larger uncertainties for the g and z light curves, as expected from Fig. 1 . We were able to adopt solutions Table 5 . Spectroscopic properties of the host stars in WASP-15 and WASP-16 adopted from the literature and used in the determination of the physical properties of the systems. References: (1) Doyle et al. (2013) ; (2) Triaud et al. (2010) ; (3) with the linear LD coefficient fitted for the GROND data, but had to use solutions with fixed LD coefficients for the DFOSC observations as they only cover half a transit. The sets of photometric parameters agree extremely well (Table 3) , and were combined into a weighted mean after downweighting the DFOSC transit by doubling the parameter errorbars. Published results are in acceptable agreement with these weighted mean values. For WASP-16 the results for the three DFOSC transits agree very well with each other but not with those for the Euler dataset (Table 4) , which is unsurprising given the best fits plotted in Fig. 3 . We therefore combined only the results from the DFOSC transits into a weighted mean to obtain our final photometric parameters. The errorbars quoted by Lister et al. (2009) appear to be rather small given the available data and the discrepancy with our followup observations.
PHYSICAL PROPERTIES
The physical properties of the two systems can be determined from the photometric parameters measured from the light curves, the spectroscopic properties of the host star (velocity amplitude KA, effective temperature T eff , and metallicity Fe H ), and constraints from theoretical stellar evolutionary models. We used the approach presented by Southworth (2009) , which begins with an estimate of the velocity amplitude of the planet, K b . A set of physical properties can then be calculated from KA, K b , rA, r b , i and orbital period using standard formulae. The expected radius and T eff of a star of this mass and Fe H can then be obtained by interpolating within the predictions of theoretical stellar models. The value of K b is then iteratively refined to maximise the match between the observed and predicted T eff , and the measured rA and predicted
. This procedure is performed over a sequence of ages for the star, beginning at the zero-age main sequence and terminating once it becomes significantly evolved, in order to find the best overall fit and the age of the system.
We determined the physical properties of WASP-15 and WASP-16 using this approach, as implemented in the ABSDIM code (Southworth 2009) , and the spectroscopic properties of the stars as summarised in Table 5 . We have adopted the atmospheric parameters (T eff and Fe H ) from Doyle et al. (2013) , as this represents a thorough analysis of observational material of greater quality than for alternative measurements (see Sect. 1). The statistical errors were propagated through the analysis using a perturbation algorithm (Southworth et al. 2005) , which has the advantage of yielding a complete error budget for every output parameter.
Systematic errors are also incurred through the use of stellar theory to constrain the properties of the host stars; these were assessed by running separate solutions for each of five different sets of stellar model predictions (Claret 2004 ; Demarque et al. Table 3 . Parameters of the fit to the light curves of WASP-15 from the JKTEBOP analysis (top). The final parameters are given in bold and the parameters found by other studies are shown (below). Quantities without quoted uncertainties were not given by those authors but have been calculated from other parameters which were. 2004; Pietrinferni et al. 2004; VandenBerg et al. 2006; Dotter et al. 2008) as implemented by Southworth (2010) . Finally, a modelindependent set of results was generated using an empirical calibration of stellar properties found from well-studied eclipsing binary star systems. The empirical calibration follows the approach introduced by Enoch et al. (2010) but with the improved calibration coefficients derived by Southworth (2011) . The individual solutions can be found in Tables A10 and A11 in the Supplementary Information. We used the set of physical constants given by Southworth (2011, their Tables 6 and 7 contain our final physical properties for the WASP-15 and WASP-16 systems, plus published measurements for comparison. The mass, radius, surface gravity and density of the star are denoted by MA, RA, log gA and ρA, and of the planet by M b , R b , g b and ρ b . T ′ eq is the equilibrium temperature of the planet (neglecting albedo and heat redistribution) and Θ is the Safronov (1972) number. All quantities with a dependence on stellar theory have separate statistical and systematic errorbars quoted. The statistical errorbar for a quantity is the largest of the five errorbars found in the solutions using different theoretical model predictions. The systematic errorbar denotes the largest deviation between the final value of the quantity and the individual values from using the five different sets of models.
The higher T eff adopted for WASP-15 A in the current work caused us to find the star to be more massive and less evolved than previously thought. Our results are in good agreement with previous determinations but are significantly more precise due to the new photometry presented in this paper. Our results for WASP-16 go in the reverse direction: we find a less massive and slightly more evolved star (with a log g closer to the spectroscopic determination by Doyle et al. 2013 ). The planet WASP-16 b is 0.21 RJup (2.5σ) larger than previously thought, leading to a lower surface gravity and density by 2σ. We find an old age of 8.6 
SUMMARY
WASP-15 and WASP-16 are two transiting extrasolar planets whose discovery was announced by the SuperWASP Consortium in 2009. Since then both have been the subject of follow-up spectroscopic analyses to measure their Rossiter-McLaughlin effects and host star temperatures, but neither have benefited from additional transit photometry to refine measurements of their orbital ephemerides and physical properties. We have rectified this situation by obtaining new light curves of two transits for WASP-15, of which one was covered in four optical passbands simultaneously, and of four transits for WASP-16.
We modelled these photometric data using the JKTEBOP code with careful attention paid to limb darkening and error analysis, and augmented them with published spectroscopic parameters in order to find the physical properties of the components of both systems. Our approach followed that of the Homogeneous Studies project by the first author, and WASP-15 and WASP-16 have been added to the Transiting Extrasolar Planet Catalogue 9 .
We confirm that WASP-15 is a highly inflated planet with a large atmospheric scale height which, when combined with the brightness of its host star (V = 10.92), makes it a good candidate for studying the atmospheres of extrasolar planets. Our simultaneous observations in four optical passbands are in principle good for probing this, so we attempted to do so using the methods of Southworth et al. (2012a) . In practise, we found that our data are not extensive enough to allow inferences to be drawn. This is in line with previous experience (Mancini et al. 2013a,b; Nikolov et al. 2013 ) and could be rectified by obtaining new observations with GROND. We find a significantly larger radius for WASP-16 b, moving it from the edge of the mass-radius distribution to an area of parameter space more typical for transiting hot Jupiters. This underlines the point that multiple high-quality transit light curves are needed for the physical properties of a TEP to be reliably constrained. The detailed error budgets we have calculated show a typical situation: an improved understanding of both WASP-15 and WASP-16 would require additional transit light curves, radial velocity observations, and more precise The following internet-based resources were used in research for this paper: the ESO Digitized Sky Survey; the NASA Astrophysics Data System; the SIMBAD database operated at CDS, Strasbourg, France; and the arχiv scientific paper preprint service operated by Cornell University.
